Introduction
The administration of lymphodepleting chemotherapy followed by adoptive transfer of autologous T cells that are genetically modified to express a chimeric antigen receptor (CAR) specific for CD19 (CD19 CAR-T cells) has produced a high rate of complete remission (CR) in adult and pediatric patients with relapsed and refractory B cell acute lymphoblastic leukemia (B-ALL) in small phase I clinical trials (1) (2) (3) (4) . Encouraging results have also been seen in clinical trials of CD19 CAR-T cell therapy in non-Hodgkin's lymphoma (NHL) and chronic lymphocytic leukemia (CLL) (5) (6) (7) (8) (9) . Emerging data from these studies suggest that robust proliferation of transferred CAR-T cells in the recipient correlates with clinical response and that prolonged in vivo persistence of functional CAR-T cells may be necessary to prevent disease relapse. The administration of CD19 CAR-T cells and their subsequent expansion can be associated with cytokine release syndrome (CRS), characterized by hyperpyrexia, hypotension, capillary leak, neurotoxicity, and death in severe cases (3, 4, 7, 9, 10) . The factors that determine CAR-T cell expansion and persistence in vivo, the durability of antitumor responses, and toxicities have been challenging to define in initial studies in part because of the wide vari-BACKGROUND. T cells that have been modified to express a CD19-specific chimeric antigen receptor (CAR) have antitumor activity in B cell malignancies; however, identification of the factors that determine toxicity and efficacy of these T cells has been challenging in prior studies in which phenotypically heterogeneous CAR-T cell products were prepared from unselected T cells.
METHODS.
We conducted a clinical trial to evaluate CD19 CAR-T cells that were manufactured from defined CD4 + and CD8 + T cell subsets and administered in a defined CD4 + :CD8
+ composition to adults with B cell acute lymphoblastic leukemia after lymphodepletion chemotherapy.
RESULTS.
The defined composition product was remarkably potent, as 27 of 29 patients (93%) achieved BM remission, as determined by flow cytometry. We established that high CAR-T cell doses and tumor burden increase the risks of severe cytokine release syndrome and neurotoxicity. Moreover, we identified serum biomarkers that allow testing of early intervention strategies in patients at the highest risk of toxicity. Risk-stratified CAR-T cell dosing based on BM disease burden decreased toxicity. CD8 + T cell-mediated anti-CAR transgene product immune responses developed after CAR-T cell infusion in some patients, limited CAR-T cell persistence, and increased relapse risk. Addition of fludarabine to the lymphodepletion regimen improved CAR-T cell persistence and disease-free survival.
CONCLUSION.
Immunotherapy with a CAR-T cell product of defined composition enabled identification of factors that correlated with CAR-T cell expansion, persistence, and toxicity and facilitated design of lymphodepletion and CAR-T cell dosing strategies that mitigated toxicity and improved disease-free survival.
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CD19 CAR-T cells of defined CD4
Prior to leukapheresis, we evaluated the absolute counts and proportions of T N , T CM , and T EM/EMRA (where T EMRA indicates CD45RA + effector memory) cells within the CD4 + and CD8 + T cell subsets in the blood of each B-ALL patient ( Figure 1 , B-E). B-ALL patients had lower numbers of CD4 + and CD8 + T cells compared with healthy individuals ( Figure 1C ), and the CD4 + :CD8 + T cell ratio was highly variable within the patient population (median 1.19; range 0. 27-8.89 ). Importantly, we found marked heterogeneity in the percentages of T EM/EMRA cells within the CD4 + and CD8 + T cell subsets in B-ALL patients ( Figure 1 , D and E; CD4 + T EM/EMRA , range 7.8%-57.5%; CD8 + T EM/EMRA , range 8.5%-87.4%). These data suggest that, particularly in B-ALL patients who have high fractions of T EM/EMRA or a disparate ratio of CD4 + :CD8 + T cells in blood, the ability to manufacture a CD19 CAR-T cell product of consistent potency may be enhanced by selection of defined T cell subsets from the leukapheresis product for CAR gene transfer and formulation of the CAR-T cell product in a defined CD4 + :CD8 + CAR-T cell ratio. CD19 CAR-T cell manufacturing. There were no serious adverse events in the 32 patients who underwent leukapheresis. Highly enriched CD4 + T cells were isolated for CAR-T cell manufacturing from all patients (CD3   +   CD4 + T cell purity 97.2%; range 48.5%-99.6%; n = 32). Our preclinical studies had suggested that infusion of CD8 + T CM CAR-T cells combined with CD4 + CAR-T cells might provide optimal antitumor efficacy and that an absolute CD8 + T CM cell count of 20/μl or more on a screening assay was necessary for efficient selection of CD8 + T CM cells using a sequential 2- 
CD16
-basophils (Supplemental Figure 1 , B and C). Fourteen patients, including one who had an unsuccessful CD8 + T CM selection, had profound lymphopenia (CD4 + , median 150 ation in CAR-T cell doses administered to patients, differences in the phenotypic composition of T cells isolated from patients for genetic modification and in the infused products, and differences in chemotherapy regimens administered to patients to provide lymphodepletion before CAR-T cells are infused (11) .
Prior work has demonstrated that human CD4 + and CD8 + T cells comprise functionally and transcriptionally distinct subsets that differ in their capacities to proliferate and persist in vivo after in vitro expansion and adoptive transfer (12) (13) (14) (15) (16) . Using a preclinical model, we demonstrated that human CD19 CAR-T cells that were manufactured from purified CD8 + or CD4 + central memory T cells (T CM cells) or naive T cells (T N cells) were more potent in elimination of CD19 + tumors from immunodeficient mice compared with CD19 CAR-T cells that were manufactured from effector memory T cells (T EM cells) (17) . Synergistic enhancement in potency could be achieved by infusion of a defined ratio of CD19 CAR-T cells derived from CD8
+ T CM cells and CD4 + T cells. These results suggested that selecting defined subsets of T cells from patients with B-ALL prior to transduction and formulating therapeutic CAR-T cell products of uniform composition might provide reproducible potency in clinical therapy and facilitate determining potential correlations between cell dose and efficacy or toxicity. Thus, we initiated a phase I/II clinical trial in patients with refractory B-ALL in which CD8 + and CD4 + T cell subsets were separately modified to express a CD19-targeted CAR incorporating 4-1BB and CD3ζ signaling domains, formulated in a defined ratio of CD4 + :CD8 + CAR-T cells, and administered in a dose-escalation/deescalation format after lymphodepletion with a cyclophosphamide-based (Cy-based) regimen, alone or with fludarabine (Flu).
The eligibility criteria for this study did not exclude any patient based on the absolute lymphocyte count or on a predetermined measurement of the ability of the patient's T cells to expand after activation with anti-CD3/CD28 beads. Our data show that a therapeutic CAR-T cell product could be manufactured from all patients that enrolled in the study and that formulation of CAR-T cells in a defined composition was feasible in a majority of these heavily pretreated patients. We observed reproducible in vivo proliferation of CAR-T cells and antitumor activity, and low doses (2 × 10 5 /kg) of the defined-composition CAR-T cell product were remarkably potent for inducing CR without a high rate of toxicity in patients with a high tumor burden. We demonstrate that a T cell-mediated immune response specific for epitopes encoded by the CAR transgene can develop in some patients who receive Cy lymphodepletion and limit the persistence of transferred CAR-T cells. The persistence of CAR-T cells, duration of remission, and disease-free survival (DFS) were improved by the addition of Flu to the lymphodepleting chemotherapy regimen.
Results
Patient characteristics. Thirty-two consecutive patients with relapsed or refractory CD19 + B-ALL and a median age of 40 years (range ) that enrolled in the study had CD19 CAR-T cells manufactured ( Figure 1A ). Two patients developed complications related to prior treatment during CAR-T cell manufacturing that excluded them from receiving lymphodepletion chemotherapy and CAR-T cells. One of these patients died due to progressive B-ALL, and the other is alive, at this writing, with persistent /kg) of CAR-T cells administered 48 to 96 hours after lymphodepleting chemotherapy. Serious acute toxicity in the first 2 hours after CAR-T cell infusion was not observed at any CAR-T cell dose. Patients developed the toxicities expected with cytotoxic chemotherapy, including BM suppression, alopecia, mild mucositis, and neutropenic fever. The most common toxicity that was observed in the first 14 days after CAR-T cell infusion was CRS, characterized by fever and/or hypotension and elevated serum levels of IL-6 and IFN-γ. Two patients died due to toxicity after CAR-T cell infusion: one developed severe CRS (sCRS) and multiorgan failure that was unresponsive to tocilizumab, etanercept, and corticosteroids, and another patient who developed transient sCRS died 122 days after CAR-T cell infusion with irre- the resolution of CRS. No patients developed grade 1 to 2 neurotoxicity. The clinical presentation of neurotoxicity was variable and manifested as mild to severe encephalopathy, focal neurologic deficits, and in 3 patients, generalized seizures. Five patients with grade of 3 or higher neurotoxicity developed transient disseminated intravascular coagulation. With the exception of one patient who developed severe irreversible neurologic deficits and subsequently died 122 days after CAR-T cell infusion, the neurologic symptoms and signs completely resolved over days to weeks. Depletion of normal CD19 + B cells, consistent with the in vivo presence of functional CD19 CAR-T cells, was noted in 29 of 29 patients on or before day 28, but hypogammaglobulinemia and late opportunistic infections were not prominent during the period versible neurologic toxicity. The first 2 patients treated at doselevel 3 (DL3) developed severe toxicities, including one of the patients who died. DL3 was therefore deemed too toxic, and no further patients were treated at this DL. Overall, 25 of 30 patients developed CRS between 6 hours and 9 days after CAR-T cell infusion, and 7 of these 25 patients had sCRS requiring ICU care. Of the 28 patients treated at DL1 and DL2, dexamethasone alone (n = 3) or with tocilizumab (n = 7) was used to treat CRS, resulting in prompt resolution of fever and hypotension in all patients (Supplemental Table 1 of follow-up. A difference in the rate or severity of toxicity in the 11 patients with a prior allogeneic HCT was not apparent. CAR-T cells were manufactured from the engrafted donor T cells obtained from the patients after transplant, and it is notable that none of the 11 patients developed acute graft-versus-host disease (GVHD) after CAR-T cell therapy. One patient who had stage 1 acute skin GVHD before study enrollment developed chronic GVHD requiring corticosteroid therapy 3 months after CAR-T cell infusion.
Correlates of CRS and neurotoxicity. CRS is initiated by activation and proliferation of CAR-T cells after recognition of CD19
+ target cells and is characterized by elevated serum levels of IL-6 and IFN-γ (2). We observed significantly higher peak IL-6 and IFN-γ levels after CAR-T cell infusion in patients with high BM tumor burden ( Figure 2A ) and in those requiring ICU care compared with those that did not ( Figure 2B ), and the need for ICU correlated with a higher percentage of BM blasts before lym- Figure 3 . Relationship between serum cytokine, ferritin, and CRP levels and severe neurotoxicity. (A) The peak IL-6 and IFN-γ concentrations in serum in the first 28 days after CAR-T cell infusion in patients who developed NCI CTCAE grade 3 or higher neurotoxicity (n = 15) compared with those without neurotoxicity (n = 15). (B) The peak ferritin and CRP concentrations in serum in the first 28 days after CAR-T cell infusion in patients who developed NCI CTCAE grade 3 or higher neurotoxicity (n = 15) compared with those without neurotoxicity (n = 15). (C) Serum IL-6, IFN-γ, and TNF-α concentrations on day 1 after CAR-T cell infusion in patients who subsequently developed grade 3 to 5 neurotoxicity compared with those without neurotoxicity. Data represent the mean ± SEM. The Mann-Whitney U test was used for statistical analysis. (D) Serum IL-6, IFN-γ, and TNF-α concentrations on day 1 after CAR-T cell infusion in patients who subsequently required ICU care compared with those who did not require ICU care. Data represent the mean ± SEM. The MannWhitney U test was used for statistical analysis. (E) Serum IL-6 and IFN-γ concentrations on day 1 after CAR-T cell infusion in patients who subsequently developed the indicated grades of neurotoxicity. Data represent the mean ± SEM. (F) Predicted probability curve with bounding 95% CI limits showing the relationship between log 2 -transformed serum IL-6 concentration on day 1 after CAR-T cell infusion and the occurrence of grade 3 or higher neurotoxicity. Circles, observed; line, predicted. . We used flow cytometry to identify EGFRt + CAR-T cells and determine their frequency in peripheral blood obtained at prescribed intervals after infusion. With the exception of the patient who died on day 3 after CAR-T cell infusion prior to peak CAR-T cell expansion, no patients with a peak CD4 + EGFRt + CAR-T cell count of less than 9.8 cells/μl or CD8 + EGFRt + count of less than 15 cells/ μl required ICU care, whereas 6 of 15 (40%) patients with a peak CD4 + EGFRt + count of 9.8 or more cells/μl and 6 of 21 (29%) with a peak CD8 + EGFRt + count of 15 or more cells/μl required ICU. Elevations of serum C-reactive protein (CRP) and ferritin, which are more readily measured by clinical laboratories than serum cytokines, also correlated with BM disease burden ( Figure 2E ) and with the occurrence of sCRS requiring ICU care ( Figure 2F ). sCRS was more likely to occur in patients with peak CRP concentrations of 150 or more mg/l (7 of 13) and/or with serum ferritin concentrations of 10,000 or more ng/ml (5 of 10). Ferritin and CRP levels declined after tocilizumab or corticosteroid therapy.
The pathogenesis of neurotoxicity developing after CD19 CAR-T cell therapy is poorly defined. In our study, all patients who developed neurotoxicity had evidence of CRS, and peak levels of IL-6, IFN-γ, ferritin, and CRP were significantly higher neurotoxicity compared with patients who developed grade 3 neurotoxicity ( Figure 3E ). Univariate logistic analysis suggested that IL-6 concentration is a predictor of patients who are likely to develop grade 3 or higher neurotoxicity (odds ratio 11.0 [95% CI: 1.4-84.3], P = 0.02) ( Figure 3F ). Stepwise multivariate logistic regression analysis incorporating day 1 serum IL-6 concentration, infused CAR-T cell dose, lymphodepletion chemotherapy regimen, and the fraction of BM represented by normal and abnormal CD19 + cells indicated that serum IL-6 concentration of more than 30 pg/ml on day 1 (P = 0.02) and the total number of CD19 + cells in BM before therapy (P = 0.06) are independent predictors of subsequent development of grade 3 or higher neurotoxicity. Of note, serum IL-6 of more than 30 pg/ml on day 1 identified all patients in our study who subsequently developed grade 4 or higher neurotoxicity. Thus, evaluation of serum IL-6 in patients who developed grade 3 or higher neurotoxicity (Figure 3, A and B) . The fever and hypotension that accompany CRS were responsive to administration of corticosteroids and/or tocilizumab, but neurotoxicity was less responsive to these interventions. We evaluated serum levels of IL-6, IFN-γ, and TNF-α on the first day after CAR-T cell infusion to determine whether these might serve as biomarkers to identify patients at high risk for subsequent neurotoxicity and ICU care. We found that IL-6, IFN-γ, and TNF-α levels on the first day after CAR-T cell infusion were significantly higher in patients who subsequently developed severe (grade ≥ 3) neurotoxicity compared with those who did not ( Figure 3C ) and were also higher in patients who required ICU care ( Figure 3D ). Moreover, serum IL-6 and IFN-γ concentrations on day 1 after CAR-T cell infusion were significantly higher in patients who subsequently developed grade 4 + (right) T cell subsets in blood at intervals after CAR-T cell infusion in patients with high (≥ 5% BM blasts by flow cytometry; n = 15) or low (< 5% BM blasts by flow cytometry; n = 5) BM disease burden prior to incorporation of risk-adjusted CAR-T cell dosing. Data represent the mean ± SEM. The Mann-Whitney U test was used for statistical analysis. *P < 0.05; **P < 0.01. (B) ImmunoSEQ analysis of the TCRB genes of CAR-T cells sorted from blood of treated patients demonstrates polyclonality of CD4 + (left) and CD8 + (right) CAR-T cells in the recipient after adoptive transfer and sharing of sequences between the infusion product and the recipient after adoptive transfer. Each point represents 1 detected TCRB gene sequence. The axes indicate the percentage of TCRB reads. TCRB sequences identified by points in red were detected only in the infused CAR-T cell product (x axes). TCRB sequences identified by points in green are detected only in the recipient at the indicated day after CAR-T cell infusion (y axes). TCRB sequences identified by points in blue are detected both in the infused CAR-T cell product and in the recipient at the indicated day after infusion. jci.org Volume 126 Number 6 June 2016
In vivo expansion and persistence of CD19 CAR-T cells. The proliferation, migration to sites of tumor, and persistence of CAR-T cells in vivo after adoptive transfer are likely to be critical determinants of antitumor efficacy, and the kinetics of CAR-T cell expansion may in part dictate the risk of serious toxicity. CAR-T cells were detected by flow cytometry in the blood at 1 or more time points after infusion in all patients ( Figure 4A ). CAR-T cells were also present in BM obtained at response evaluation in 22 of 27 patients from whom the BM was examined for the presence of CAR-T cells and in the CSF of 6 of the 8 patients from whom samples were obtained for clinical indications ( Figure 4B ).
Several factors could contribute to CAR-T cell expansion and persistence in vivo, including cell product composition, cell dose, tumor burden, and the conditioning regimen used to provide lymphodepletion. Previous studies at other centers in which CD19 CAR-T cells were manufactured from T cells of undefined composition did not identify a clear correlation between the concentration early after CAR-T cell infusion might be used to identify patients at high risk of severe neurotoxicity to evaluate early intervention approaches.
Because the occurrence of toxicity correlated with BM tumor burden and sCRS was noted in patients treated at a higher CAR-T cell dose, we initiated risk-adapted CAR-T cell dosing during the course of the study, in which patients with greater than 20% BM blasts received a low dose of CAR-T cells (2 × 10 5 EGFRt + cells/ kg) and those with 20% or less BM blasts received a higher dose of CAR-T cells (2 × 10 6 EGFRt + cells/kg). Prior to incorporation of risk-adapted CAR-T cell dosing, 6 of 6 patients with high-tumor burden B-ALL who were treated at DL2 or DL3 (≥ 2 × 10 6 EGFRt + cells/kg) required ICU care after CAR-T cell therapy, and all 6 patients developed severe neurotoxicity (median grade 4). In contrast, only 1 of 10 patients with high-tumor burden B-ALL who were treated with risk-adapted dosing at DL1 required ICU care, and only 5 of 10 developed neurotoxicity (median grade 3).
Figure 6. Failure to achieve engraftment of CAR-T cells after second infusions.
Patients who had persistent MRD after the first CAR-T cell infusion or subsequently relapsed after attaining a CR (n = 5) received a second infusion of CAR-T cells at an equivalent (n = 1) or 10-fold higher EGFRt + dose (n = 4) compared with their first infusion. Engraftment after each infusion was analyzed by QPCR to detect a transgene vector sequence. Each graph shows the number of copies of integrated transgene (WPRE copies/μg DNA, n = 1; FlapEF1α copies/μg DNA, n = 4) detected in PBMCs collected at the indicated times after the first and second CAR-T cell infusions. The times and doses of the first (blue) and second (red) CAR-T cell infusions are noted on the graphs. Flu, n = 13 ). The median follow-up for Cy/Flu patients who were alive and in CR was 300 days. We compared the group who received Cy/Flu lymphodepletion and the group who received Cy-based lymphodepletion without Flu using the log-rank test, where P = 0.001.
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Volume 126 Number 6 June 2016 CD8 + T cells selected from this patient to expand in culture. The other patient had 0.016% abnormal BM blasts by flow cytometry before CAR-T cell infusion, received CAR-T cells at DL1, and had poor in vivo CAR-T cell expansion (peak CD8 + EGFRt + 0.97/μl, peak CD4 + EGFRt + 0.42/μl). This patient subsequently underwent allogeneic HCT, but relapsed after HCT and was reenrolled in the CAR-T cell study. The patient achieved a CR after being retreated with CAR-T cells that were manufactured from T cells collected from the patient after allogeneic HCT and administered at a higher dose (DL2).
Molecular studies of BM, including quantitative PCR (QPCR), FISH, and conventional karyotyping, were negative in all patients who achieved remission by flow cytometry and had an identified B-ALL-associated genomic mutation, except for 2 patients -one with a persistent t(4;11) who subsequently relapsed with a clonally related CD19 -acute myeloid leukemia and a second patient with BCR-ABL transcripts identified at the limit of detection by QPCR (Table 1) . Thus, 25 of 29 patients (86%) achieved CR without evidence of MRD by flow cytometry and conventional karyotyping, FISH, or QPCR in those with an identified B-ALL-associated genomic mutation. Deep sequencing of the immunoglobulin heavy locus (IGH) genes in BM samples from 17 patients in whom we identified a neoplastic clonal IGH sequence showed that 10 (59%) had no detectable disease using an assay with a sensitivity to detect 1 malignant blast in 1,000,000 nucleated cells. In addition to the efficacy in eliminating BM-and blood-based leukemic blasts, extramedullary disease identified by PET-CT scan was eliminated in 6 of 7 patients after CAR-T cell therapy (Supplemental Figure 3 ). We did not observe a difference in response rate between patients who had or had not previously undergone allogeneic HCT (HCT group, 10/11 CR, 1/11 BM MRD; no HCT group, 15/19 CR, 3/19 BM MRD, 1/19 died before evaluation), demonstrating that CD19 CAR-T cells of defined composition can be successfully manufactured and administered to patients following allogeneic HCT. Thus, the data show a high rate of CR with CAR-T cells of defined CD4 + :CD8 + T cell ratio in patients with refractory B-ALL, including those with extramedullary disease or with leukemia relapse after allogeneic HCT.
Transgene immune responses limit persistence and efficacy of second CAR-T cell infusions.
Five patients treated in our study with CAR-T cells after Cy-based lymphodepletion had persistent leukemia or subsequently relapsed and received a second infusion of CAR-T cells at the same (n = 1) or a 10-fold higher dose (n = 4) after no lymphodepletion (n = 1) or lymphodepletion with Cy and Flu (n = 3) or clofarabine (n = 1). Despite evidence of CAR-T cell proliferation after the first infusion and the same or higher BM blast count at the time of second infusion, there was no expansion or persistence of CAR-T cells or demonstrable antitumor activity in any of these 5 patients ( Figure 6 ). We considered that these patients might have mounted a T cell immune response directed at epitopes encoded by the CAR transgene after the first infusion, since the CD19-specific single-chain variable fragment (scFv) is of murine origin and there are unique fusion sites between components of the CAR. To evaluate whether a cytotoxic CD8 + T cell response to autologous CAR-T cells was present, we used a modification of an in vitro assay we previously reported to analyze transgene product immunogenicity (19, 20) . We detected CARinfused CAR-T cell dose and the absolute number of CAR-T cells detected in vivo in the recipient (2-4). We found that administering a consistent CAR-T cell product of a defined CD4 + :CD8 + T cell ratio to all patients revealed a relationship between cell dose and the peak number of CD4 + and CD8 + CAR-T cells. Prior to commencing risk-adapted CAR-T cell dosing based on BM tumor burden, we found that patients who received CAR-T cells at DL2 had an earlier and higher peak in absolute CD4 + and CD8 + EGFRt + CAR-T cell counts in blood compared with those who received DL1 (Figure 4C) . At both DLs, the absolute number of CD8 + CAR-T cells was higher than that of CD4 + CAR-T cells at the peak of expansion, despite CD4 + and CD8 + CAR-T cells having been infused at the same dose.
The burden of CD19 + cells in the patient could also affect CAR-T cell numbers either by inducing their proliferation or resulting in activation-induced cell death. Stratifying patients treated prior to risk-adapted dosing based on the proportion of CD19 + leukemia blasts in the BM showed that patients with a higher percentage of blasts in the BM had significantly higher CD4 + and CD8 + CAR-T cell counts in the blood at the peak of expansion and better persistence at day 28 after infusion ( Figure  5A ). The accumulation of CD4 + and CD8 + CAR-T cells in vivo could occur as a result of expansion of a diverse repertoire of polyclonal T cells derived from the transduced T cell population or the expansion of few highly proliferative T cell clonotypes with a proliferative and/or survival advantage. To distinguish these possibilities, we performed high-throughput sequencing of the T cell receptor β (TCRB) genes utilized by flow-sorted CD4 + and CD8 + EGFRt + CAR-T cells obtained from the infused CAR-T cell products of 5 patients, at the peak of CAR-T cell expansion in vivo, and at one or more later time points. Both at the peak of expansion and at later times after elimination of detectable leukemia, the CD4 + and CD8 + CAR-T cells present in vivo were polyclonal, and multiple distinct TCRB clonotypes that were identified in the infusion product were observed in the CAR-T cell population in the patient ( Figure 5B ). Together, these results demonstrate that the infusion of CAR-T cell products comprising CD8 + and CD4 + T cells in a defined ratio results in predictable polyclonal proliferation of both CD4 + and CD8 + T cells with kinetics that are affected by both CAR-T cell dose and tumor burden.
Clinical response. Twenty-nine of 30 patients who received CAR-T cells survived for more than 21 days and were evaluated for disease response by BM aspirate and biopsy. All patients (100%) had no detectable leukemia in the BM by morphology, and in 27 of 29 patients (93%), leukemia was undetectable by high-resolution flow cytometry (Table 1) . Of the 27 patients who achieved BM remission by flow cytometry, one initially had minimal residual disease (MRD) by flow cytometry at a level of 0.08% identified on day 28 after CAR-T cell infusion; however, in the absence of any additional antileukemic therapy, a subsequent BM biopsy on day 83 after CAR-T cell infusion showed no evidence of disease by flow cytometry, karyotyping, or FISH studies using probes that were informative for the patient's disease. The 2 patients who did not achieve remission by flow cytometry had a low level (< 5%) of abnormal BM blasts by flow cytometry before CAR-T cell infusion. One of these patients received a cell product with a CD4 + :CD8 + CAR-T cell ratio of 66:1 due to failure of the We enrolled 32 patients and, importantly, did not exclude any patient based on a low absolute lymphocyte count, the presence of circulating blasts, or the results of a screening test to ensure the patient had sufficient T cells capable of proliferating to CD3/CD28 stimulation. Therefore, our study was not biased due to exclusion of patients with poor lymphocyte numbers and function. A clinical trial of CD19 CAR-T cell therapy for pediatric B-ALL excluded 24% of patients due to the failure of T cells to meet predefined criteria for in vitro proliferation (21) .
A primary objective of the study was to assess the feasibility of selecting CD4 + and CD8 + subsets for manufacturing of CAR-T cells and formulating the cell product in a consistent 1:1 ratio of CD4 + and CD8 + CAR-T cells. CD8 + T CM cells and their progeny have been shown to have stemness and to exhibit superior persistence compared with T EM cells after adoptive transfer, suggesting a potential advantage of this subset for providing long-term persistence (12, 22) . Our data show that in heavily pretreated B-ALL patients, the absolute CD8 + T CM counts were sufficient for selection and manufacturing of a CAR-T cell product in 16 of 30 patients and that selection of bulk CD8 + T cells was feasible in the remaining 14 patients. Thus, a cell product comprising CD4 + and CD8 + CAR-T cells was successfully manufactured and infused to all patients with refractory B-ALL, and the 1:1 ratio of CD4 + :CD8 + CAR-T cells was achieved in 27 of 30 patients.
The high overall rate of BM remission of 93% by flow cytometry in this study and differences in lymphodepletion regimens and infused cell doses do not allow comparison of the efficacy of CAR-T cell products manufactured from CD8 + T CM cells or from bulk CD8 + T cells. Analysis of differences in long-term persistence of cell products that were selected for CD8 + T CM or bulk CD8 + T cells in our study was further complicated by our findings that immunemediated rejection of CAR-T cells occurs in some patients, which may provide an explanation for the loss of CAR-T cells observed in a subset of patients in other studies (1) (2) (3) (4) . Nevertheless, our data demonstrate that performing cell selections from heavily pretreated B-ALL patients is feasible and that formulating CD19 CAR-T cells in a defined CD4 + :CD8
+ CAR-T cell ratio, either from a starting population of isolated CD8 + T CM or bulk CD8 + cells, can provide a remarkably effective CAR-T cell product at cell doses that are 5-to 100-fold lower than those used to treat a majority of patients in other trials (1-4) . The 93% remission rate by flow cytometry and 86% MRD-negative CR rate in our study compares very favorably to that reported by others in which CAR-T cells of undefined composition were manufactured using CD19 CARs that incorporate either a 4-1BB costimulatory domain (children and young adults, 79%) or a CD28 costimulatory domain (adults, 75%; children and young adults, 60%) (1-4) .
An important predictor of the efficacy of CD19 CAR-T cells is their ability to expand in vivo in response to recognition of CD19 + target cells, and the patients that failed to respond in prior studies typically had poor accumulation of CAR-T cells in vivo. The infusion of CAR-T cell products comprising a uniform ratio of CD4 + :CD8 + CAR-T cells demonstrated a correlation between cell dose and earlier and higher peak expansion of clonally diverse CAR-T cells, a finding that has not been reported in studies in which CAR-T cells were manufactured and infused without consideration of the CD4 + :CD8 + ratio. Independent of cell dose, specific T cell responses in all 5 patients in whom CAR-T cells failed to persist after the second infusion, and epitope mapping in 1 patient identified immunogenic epitopes within the murine FMC63 scFv (Supplemental Figure 4) .
Addition of Flu to Cy lymphodepletion improves persistence of CAR-T cells.
Ten of 12 patients (83%) who received lymphodepletion with Cy alone or with etoposide followed by CAR-T cell infusion and who survived until disease restaging achieved BM CR by flow cytometry. We observed recovery of endogenous B cells in 8 of these patients by day 90 after CAR-T cells, and 7 patients subsequently relapsed ( Figure 7A) . One of the patients relapsed with CD19 -leukemia, but the remaining 6 relapses were CD19 + , suggesting a loss of CAR-T cell immunosurveillance. Indeed, in 5 of the 6 patients with CD19
+ relapse, a loss of CAR-T cell engraftment in blood was shown by PCR analysis for transgene sequences, and an immune response to the CAR transgene product was detected in all of these patients.
To determine whether the development of an immune response to CAR-T cells might be prevented or delayed by intensifying the lymphodepletion regimen, we administered Cy/Flu to 17 subsequent patients prior to CAR-T cell infusion and compared CAR-T cell expansion and persistence to those of prior patients who received Cy without Flu. Patients with similar BM blast percentage who received Cy/Flu and DL2 of CAR-T cells had a significantly higher peak of expansion and numbers of CD4 + and CD8 + EGFRt + CAR-T cells at day 28 than those treated at DL2 who did not receive Flu (Figure 7 , B and C). Sixteen of 17 patients who received Cy/Flu lymphodepletion and DL1 or DL2 of CAR-T cells had a CR. Three of 4 patients who received lymphodepletion with Cy or Cy/etoposide and had no detectable disease by IGH sequencing ultimately relapsed, whereas 0 of 6 patients who received Cy/ Flu lymphodepletion and eliminated the malignant clone by IGH sequencing relapsed. Although follow-up of the cohort of patients who received Cy/Flu lymphodepletion is short, the DFS of this group is superior to those that did not receive Flu ( Figure 7D ).
Discussion
Previous clinical trials have reported a high rate of morphologic remission in small numbers of adult and pediatric patients with B-ALL treated with CD19 CAR-T cells (2) (3) (4) . This approach represents an important therapeutic advance; however, much remains to be learned regarding the optimal lymphodepletion regimens and cell dose(s) to eradicate MRD, the prediction and management of toxicities, and the mechanisms of relapse. Systematically studying these issues has been challenging in part because of the differences in the phenotypic composition of the CAR-T cell products that were administered to individual patients in prior trials (2) (3) (4) . Our data show that heavily pretreated adult B-ALL patients have highly variable numbers and proportions of CD4 + and CD8 + T cell subsets in peripheral blood. Preclinical studies provide support for improving potency and predictability of therapeutic efficacy by manufacturing CD19 CAR-T cell products of defined CD4 + and CD8 + subset composition (17) . Here, we describe what we believe is the first clinical trial that assesses the feasibility of selecting and engineering defined T cell subsets with a CD19 CAR and formulating a cell product of a defined ratio of CD4 + :CD8 + CAR-T cells. within hours and discharge from the ICU within 1 to 2 days in most patients. Neurotoxicity was manifest by signs that included encephalopathy and seizures and focal deficits; in some patients, it followed a time course that was distinct from that of CRS. Neurologic signs often reached maximal severity after resolution of CRS and were not clearly responsive to intervention with tocilizumab or corticosteroids at either low or high doses. We investigated whether surrogate markers of systemic inflammation could identify patients with sCRS and potentially be used to guide intervention to either suppress cytokine release or eliminate CAR-T cells in the event of severe toxicity. Serum ferritin and CRP concentrations correlated with the severity of acute toxicity and declined in response to tocilizumab or corticosteroids; however, additional data are needed to determine their utility in monitoring the response to CRS therapy. Severe hyperferritinemia (> 20,000 ng/ml) is not typically observed in infections even in heavily transfused patients (24) and could serve as a useful tool in distinguishing sCRS from other causes of fever after CAR-T cell infusion. Serum concentrations of IL-6 and IFN-γ also correlated with the severity of toxicity and had predictive value, with high concentrations within 1 day after CAR-T cell infusion identifying patients who subsequently developed severe neurotoxicity. If these findings are confirmed in additional patients, analysis of serum IL-6 and IFN-γ concentrations early after CAR-T cell infusion might be employed to identify patients at risk of life-threatening toxicity in whom early and aggressive intervention to mitigate immune cell cytokine production might be evaluated.
Although CAR-T cells induced CR in a majority of patients in our study, disease relapse occurred in a subset of patients. Leukemia relapse after CAR-T cells could be classified into 2 distinct phenotypes: those with loss of the CD19 target antigen as observed by others (25) and those that remained CD19 + and relapsed in a manner associated with loss of CD19 CAR-T cells in blood. Two patients in our study relapsed with CD19 -disease, 1 with B-ALL and 1 with a myeloid phenotype switch. CD19 + relapse occurred exclusively in patients who did not have persisting CAR-T cells in blood; retreatment of these patients with a second CAR-T cell infusion did not result in CAR-T cell proliferation, persistence, or antitumor activity. We demonstrated that the loss of CAR-T cells was due to development of CD8 + T cell immunity to the CAR transgene product. Because all CD19 CARs used in reported clinical trials of CD19 CAR-T cell therapy incorporate a murine scFv, these data provide one potential mechanism for the loss of CAR-T cells observed in other trials (2-8, 23, 26) . A solution that may reduce immunogenicity of the construct would be to incorporate a human rather than murine CD19-specific scFv into the CAR construct.
Our trial investigated whether the addition of Flu to the lymphodepletion regimen could delay or abrogate development of anti-CAR immune responses and improve CAR-T cell expansion and persistence. We noted remarkably higher CD4 + and CD8 + CAR-T cell proliferation and persistence in patients who received Flu compared with those who did not receive Flu. The mechanisms by which Flu increased CAR-T cell accumulation and persistence could include greater lymphodepletion, resulting in increased levels of homeostatic cytokines that support T cell proliferation and survival, delaying or preventing the anti-CAR immune responses and potentially modifying the tumor microenvironment to tumor burden was an important factor in driving CAR-T cell expansion, and patients with 5% or greater BM blasts had on average a 100-fold greater expansion of both CD8 + and CD4 + CAR-T cells than patients with less than 5% blasts. Administering a single low dose of 2 × 10 5 CAR-T cells/kg of a defined CD4 + :CD8 + T cell ratio was effective in inducing a CR in all patients with high BM tumor burden. The high potency of the CAR-T cell products was not limited to elimination of BM disease, and bulky extramedullary disease identified by PET/CT scan was also eradicated in all but 1 patient. Seven of 17 patients (41%) who achieved BM CR by flow cytometry had detectable copies of the neoplastic IGH sequence in BM early after CAR-T cell infusion; however, the detection of nonviable leukemic tissue renders the significance of this finding uncertain. Only 4 of these 7 patients subsequently relapsed; 2 of these had CD19-negative leukemia. Three patients had persistent BM disease detected by flow cytometry at the first evaluation after receiving CAR-T cells; 1 of these subsequently achieved CR in the absence of further therapy. Of the 2 patients who never achieved BM CR by flow cytometry, 1 received a predominantly CD4
+ CAR-T cell product because we were unable to propagate sufficient CD8 + CAR-T cells in culture. The clinical outcome in this patient is consistent with our preclinical observations in Raji tumor-bearing immunodeficient mice that received CAR-T cells manufactured from distinct T cell subsets, showing reduced potency when either CD8 + or CD4 + CAR-T cells were omitted from the formulated product (17) . Both of the remaining patients had low tumor burden in the BM before CAR-T cell therapy, raising the additional possibility that a higher dose of CAR-T cells may be necessary to effectively treat patients with low tumor burden, perhaps due to a stochastic failure to receive sufficient antigenic stimulation to drive CAR-T cell expansion in vivo. Given the high rate of CR in our phase I clinical trial, a larger patient cohort will need to be studied to understand the mechanisms responsible for failure to achieve remission.
Although CD19 CAR-T cells are therapeutically effective in patients with relapsed and refractory B-ALL, significant toxicities have occurred in all studies, highlighting the need to improve the therapeutic index (2) (3) (4) 23) . In our study, severe toxicity due to CAR-T cells was predominantly seen in patients with 20% or more BM blasts and occurred more often after infusion of higher CAR-T cell doses. The severity of toxicity correlated with higher peak levels of CD4 + and CD8 + CAR-T cells in blood and higher peak IFN-γ and IL-6 concentrations in serum. Taken together, these data imply that a variable cell-dosing strategy may prove optimal for treating B-ALL with CAR-T cells. Patients with higher tumor burden may be best treated initially with a low CAR-T cell dose to minimize toxicity, whereas those with lower tumor burden may require higher or repeated doses of CAR-T cells to ensure recognition of a minimal tumor antigen load.
The frequency and clinical spectrum of toxicities occurring during CD19 CAR-T cell dose escalation were similar to those in other published studies in B-ALL, suggesting that therapy with an appropriate dose of a potent defined composition product per se does not increase the risk of toxicity. "Classical" CRS with fever, capillary leak, and hypotension requiring intensive care was frequent, but responded rapidly to tocilizumab (4-8 mg/kg i.v.) and dexamethasone (10 mg bid i.v.), with defervescence occurring jci. + CAR-T cells in culture (DL2, n = 2; DL3, n = 1). Two patients received cryopreserved CAR-T cells, whereas the remainder were formulated and infused without cryopreservation. Clinical response assessment. BM aspirates and biopsies were obtained from each patient before lymphodepletion chemotherapy and approximately 2 to 4 weeks after CAR-T cell infusion. CR was defined as absence of immunophenotypically abnormal blasts in the BM by morphology and flow cytometry (limit of detection 1:10,000) and, in those patients with a known molecular marker of their leukemia, the absence of abnormalities by conventional karyotyping, FISH, or QPCR. When available, an aliquot of each BM aspirate was submitted for IGH deep sequencing (Adaptive Biotechnologies) from patients who attained CR. Patients with CNS leukemia identified before lymphodepletion chemotherapy underwent CSF sampling for flow cytometry analysis after CAR-T cell therapy. Patients with extramedullary disease underwent whole-body PET-CT imaging before and after CAR-T cell therapy. Toxicity was graded using the NCI CTCAE (v4.03).
Assessment of CAR-T cell persistence. Blood samples were obtained from patients before and at intervals after CAR-T cell infusion, and flow cytometry was performed to identify CD4 + and CD8 + CAR-T lymphocyte gate by the absolute lymphocyte count established by a complete blood count (CBC) performed on the same day. To establish loss of CAR-T cell persistence due to an anti-CAR transgene immune response, we used QPCR to detect integrated transgene sequence. Evaluation of serum cytokines. Serum concentrations of IFN-γ, IL-6, and TNF-α were evaluated by Luminex assay, according to the manufacturer's instructions.
improve accessibility and stimulation of CAR-T cells. Consistent with the increased CAR-T cell expansion and persistence in patients who received Flu, we noted an improvement in DFS, albeit with a relatively short duration of follow-up. Only 1 of 17 patients (6%) who received Flu-containing lymphodepletion followed by CAR-T cells of defined composition developed CD19 + relapse, and this occurred in a patient who, subsequent to achieving remission after CAR-T cell therapy, had an allogeneic HCT that resulted in elimination of the CAR-T cells. While these data are encouraging, additional patient accrual and longer follow-up are required.
We believe this study is the largest reported series of adult B-ALL patients treated with CD19 CAR-T cells and the first to demonstrate the feasibility of selecting defined T cell subsets for CAR engineering and formulation of defined therapeutic products for adoptive therapy. Data from this phase I/II trial demonstrate potent antitumor activity and reveal dose/response and dose/ toxicity relationships that have not been clearly evident in CAR-T cell trials using unselected cells. The development of novel clinical cell isolation technologies that utilize flow cytometry cell sorting or serial column-based selections after labeling with reversibly binding reagents may further refine the selection of T cells with a complex immunophenotype and facilitate manufacturing defined CAR-T cell products for clinical evaluation (18, 27, 28) .
Methods
Study design and patient selection. We performed a phase I/II open-label trial to evaluate the feasibility of manufacturing CD19 CAR-T cells formulated in a defined ratio of CD8 + and CD4 + T cell subsets and to assess the safety and efficacy of this therapy in patients with relapsed or refractory CD19 + B cell malignancies. This manuscript reports the data from B-ALL patients in the study. There were no exclusion criteria for leukapheresis, CD19 CAR-T cell manufacturing, lymphodepletion chemotherapy, or CD19 CAR-T cell infusion based on the absolute lymphocyte count, the results of a test in vitro stimulation, or the presence or number of leukemia blasts in the peripheral blood. The study has been registered at ClinicalTrials.gov (NCT01865617). T cell subset selection and CD19 CAR-T cell manufacturing. Peripheral blood mononuclear cells (PBMCs) were collected by leukapheresis, and the product was divided into 2 aliquots for enrichment of CD4 + and CD8 + T cell subsets for CAR-T cell manufacturing (Supplemental Figure 1 ). CD4 + T cells were selected from 1 aliquot by positive immunomagnetic selection using the CliniMACS CD4 Reagent System (Miltenyi Biotec). CD8 + T CM cells were enriched from the second aliquot using a 2-step CliniMACS selection procedure involving depletion of CD4 + , CD14 + , and CD45RA + cells, followed by selection of CD62L + cells from the CD4 -CD14 -CD45RA -fraction as described (18) . In patients with an absolute CD8 + T CM cell count of less than 20/ μl, either the CD62L + selection was omitted or bulk CD8 + T cells were selected using the CliniMACS CD8 Reagent System. We designed a CAR comprising an FMC63-derived CD19-specific scFv fused to a modified IgG4-hinge spacer, a CD28 transmembrane domain, a 4-1BB costimulatory domain, and a CD3ζ signaling domain (29) . To enable precise measurement of transduced CD4 + and CD8 + CAR-T cells, we incorporated EGFRt separated from the CD19 CAR by a T2A ribosomal skip sequence, which allowed identification of transduced T cells using flow cytometry after staining with the anti-EGFR monoclonal antibody, cetuximab (29, 30 
